Introduction
In the drug discovery process, chemists are charged with the task of synthesising compounds with the ultimate aim of producing a clinical candidate. With the aid of combinatorial chemistry, it is hoped that the number and diversity of compounds available for screening will increase, the time taken to optimise a lead will decrease and ultimately the time from the initial high-throughput screen to selection of a clinical candidate will be minimised.
In our combinatorial chemistry effort, all compounds are prepared in a single compound per well format and are tested in solution. The advantages of this approach are that it is compatible with all screening methods, and no deconvolution is necessary once an active compound is identified. Before submission to either therapeutic biology or high throughput screening (HTS), each compound is characterised by HPLC for purity and MS for identity. Finally, the mass of each compound is obtained. This not only allows for the calculation of a yield, but also helps further downstream in that quantitative HTS data can now be obtained.
The following reviews some of our recent developments in solid-phase chemistry in addition to providing an overview of our current automation techniques.
New Solid-Phase Chemistry
The cyclohexyl norstatine template has proven to be a useful pharmacophore for aspartyl protease inhibitors. a-Hydroxyketones based on the norstatine backbone, which were prepared in solution, have been shown to be potent inhibitors of renin (1) and have found use in the treatment of ocular disorders (2) . We have developed a one-pot, solid-phase synthesis of a-hydroxyketones from their corresponding ethyl esters (3) The synthesis of the cyclohexyl norstatine transition state element proceeded in 30% overall yield from BocPhe and require just one column chromatography (4). The template was attached to the solid-support via Ellman's DHP linker using catalytic PPTS in 1,2-dichloroethane (DCE) (5) . Following deprotection, the nitrogen could be acylated with a variety of acids (DIC, DMAP, DMF) to afford resin-bound ester 3. Treatment of ester 3 with excess Grignard reagent (R'MgX) and N,O-dimethylhydroxylamine hydrochloride afforded ketone 4, via the intermediate N-methoxy-N-methylamide 6. Cleavage from the resin gave the desired ketone 5 in good purity and yield. The reaction was particularly successful with non-hindered primary Grignard reagents, and generally yielded products of excellent purity (>80%). Secondary Grignard reagents afforded lower yields of ketone (entries 6, 9), as did hindered primary nucleophiles (entry 4).
It was found that the addition of excess Grignard reagent (20 equivalents) was necessary to drive the reaction to completion. For example, if only 6 equivalents of PhCH2MgCl and 2 equivalents of HCl.HN(OMe)Me were employed, a 2:1 mixture of the desired ketone and the corresponding N-methoxy-N-methylamide was obtained after cleavage from the resin. A noteworthy characteristic of the solid-phase conversion of esters to ketones was its temperature independence. Similar yields and purities were obtained at reaction temperatures of either -15 o C or 23 o C.
It was found that the reaction was much less successful with organolithium reagents than with Grignard reagents. For example, treatment of a mixture of resin-bound ester 3 (R = C3H7) and HCl.HN(OMe)Me with MeLi, followed by cleavage from the resin resulted in a multi-component mixture, with only a trace (9%) of desired ketone.
In summary, we have developed a one-pot procedure for the solid phase synthesis of ketones from the corresponding esters. The procedure can be conveniently carried out at room temperature and generally affords ketones of high purity when unhindered, primary Grignard reagents are employed.
Solid-Phase Synthesis of Guanidines.
Guanidines are found ubiquitously both in nature and in rationally designed drugs (6). Although there have been several reports of guanidine synthesis on solid-support (7), they often involve the use of a resin-bound amine or azide, thus limiting the scope of the procedures. We have developed a solid-phase synthesis of N,N'-substituted guanidines which uses a N,N'-bis(t-butoxycarbonyl)thiopseudourea as the masked guanidine scaffold (8) . The procedure allows for the preparation of both N-mono-alkylated guanidines in addition to N,N'-bisalkyalted guanidines in high yield and purity. The procedure is outlined is Scheme 2. Treatment of Merrifield resin with excess thiourea results in the formation of resin bound thiouronium salt 7 (9) . Protection of the nitrogens using (Boc) 2 O afforded bis(tbutoxycarbonyl)thiopseudourea 8 which was now capable of undergoing a Mitsunobu reaction (10) using a variety of primary and secondary alcohols. The mono-N-alkylated guanidines were liberated from the resin as the bis(Boc)-protected derivatives 10 by exposure of 9 to excess methanolic NH 3 in DMF ( Table 2 ). The reaction is successful with primary (entries 2,3), secondary (entries 6,7), allylic (entries 4,5) and benzylic alcohols (entry 1) and yields the desired compounds in high crude purity. Deprotection of the Boc groups can be readily achieved by stirring the protected guanidine with 50% TFA/CH 2 Cl 2 overnight. Table 2 The synthesis of N,N�-disubstituted guanidines is outlined in Table 3 . Resin 9b was formed by alkylation of resin 8 with 2-phenoxyethanol under Mitsunobu conditions. Reaction of 9b with a three-fold excess of primary amine at 50 o C in DMF cleanly afforded the N,N�-substituted guanidines 11. The excess amine can be readily scavenged using isocyanate resin. We observed no reaction of 9 with anilines (entry 6), and secondary amines such as piperidine (entry 5) gave a complex mixture with only a trace of the desired product. It has been reported that reaction of Salkylthiopseudoureas with secondary amines and anilines usually requires the presence of "soft" cationic salts such as silver or mercury salts (11).
Table 3
In summary, we have developed an efficient route to the preparation of substituted guanidines on a solid support. The use of alcohols and amines as the sources of diversity allows for the generation of large numbers of substituted guanidines in high purity and yield.
Automation.
Our first generation solid-phase synthesis reactor is illustrated in Figure 1 . The reactor consists of 48 fritted 1.5 mL polypropylene tubes. Each tube is connected to a teflon stopcock and all 48 stopcocks are opened or closed by actuating the handle shown on the right of the reactor. The reactor can be fitted to a circulation bath thus allowing both heated and cooled reaction conditions. A rubber gasket is placed over the reaction vessels, thus affording the capability of carrying out reactions under an inert atmosphere. The first generation reactor is capable of handling up to 0.5 g of resin and is ideal for methodology development. However, is suffers from several drawbacks including high cost of manufacture, heavy weight, large footprint and lack of compatibility with a 96-well screening format. (Figure 2 ) addresses these drawbacks. It is relatively inexpensive to manufacture, is lightweight (~6 lbs.), contains a proprietary pinch-valve mechanism instead of the array of teflon stopcocks and its small footprint is compatible with a 96-well plate. Again, the reactor has heating/cooling and inert atmosphere capabilities. Products are collected in custom 2.5 mL polypropylene microtubes.
Figure 2. Second generation solid-phase synthesis reactor
For reagent additions, a modified Hamilton MicroLab 2200 liquid handler is used (Figure 3) . The solid-phase synthesis reactors are placed on two indexed orbital shakers. A rack containing the reagent solutions is then placed in the center console. A coaxial probe aspirates from the reagent rack into the reaction vessels. Reagent addition can be carried out under an inert atmosphere and, by using a circulation bath, can be temperature regulated. Finally, before submission for biological testing, all compounds are weighed. This is achieved using a Bohdan Automation workstation. The instrument has a capacity of 30 plates of 96 microtubes and is capable of weighing ~2500 samples per day to within 0.1 mg. Tubes containing compounds which do not meet the purity or MS requirements are removed prior to submission using a Bohdan culling station. Culling and sorting are achieved by moving individual microtubes, not by dissolution with solvent, liquid handling and reconcentration. To a stirred mixture of resin-bound ester 3 (150 mg, 0.5 mmol/g) and HCl.HN(OMe)Me (14.6 mg, 2 equiv.) in THF (1.2 mL) at room temperature was added MeMgCl (0.5 mL, 3 M/THF, 20 equiv.) dropwise over 20 minutes. The reaction mixture was stirred at room temperature for 15 hours. The resin was washed with THF to remove unreacted Grignard reagent. It was then washed with DMF/H2O (3:1), CH2Cl2, HOAc/CH2Cl2 (9:1), followed by multiple washings with CH2Cl2 and EtOH. The ketone product was then cleaved from the resin using TFA/CH2Cl2/EtOH (2:2:1, 2 mL).
Solid-Phase Synthesis of Guanidines:
A mixture of Merrifield resin (2.5 g, 2.35 mmol; Cl load of 0.94 mmol/g) and thiourea (0.94 g, 11.8 mmol) in DMF (25 mL) was heated at 75�C for 16 h. The resin was washed successively with DMF (4 x 50 mL), THF (3 x 50 mL), MeOH (3 x 50 mL), and CH 2 Cl 2 (3 x 50). The resin was dried under high vacuum for 10 h. The resin and Boc 2 O (3.0g, 14.0 mmol) were slurried in CH 2 Cl 2 (50 mL) and treated with (i-Pr) 2 EtN (4.1 mL, 24 mmol) over 5 min, and were subsequently gently shaken for 40 h. The resin was washed using the sequence of solvents described above and dried under high vacuum for 10 h.
To a mixture of resin 8 (250 mg, 0.175 mmol), PPh 3 (175 mg, 0.875 mmol) and 2-phenoxyethanol (110 mL, 0.875 mmol) in dry THF (3 mL) was added DIAD (175 ml, 0.85 mmol). The reaction was gently shaken for 14 h, and the resin was washed as described above and air dried. To a portion (100 mg) of the resin in dry THF (3 ml) was added sat. NH 3 -MeOH solution (300 mL, excess). The reaction mixture was shaken for 15 h. The cleaved material was isolated and the resin rinsed with THF (2 x 1 mL); the solvent was removed in vacuo to give 10b (24 mg, 100%, assumed loading of 0.7 mmol/g) with HPLC purity >98%. A second batch of the resin bound phenoxyethylisothiourea (100 mg) was suspended in DMF (2 mL) and was treated with benzylamine (3 eq.) at 50�C for 16h. The resin was filtered and rinsed with THF (2 x 1 mL) and the solvent was removed in vacuo. The product was dissolved in CH 2 Cl 2 (3 mL) and the contaminating excess amine was scavenge using 4 fold excess of isocyanate resin at 30�C for 12 h to give 11a (27 mg, 90%) in >90% purity.
